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ABSTRACT Imbalanced data problem is widely present in network intrusion detection, spam filtering,
biomedical engineering, finance, science, being a challenge in many real-life data-intensive applications.
Classifier bias occurs when traditional classification algorithms are used to deal with imbalanced data.
As already known, the General Vector Machine (GVM) algorithm has good generalization ability, though
it does not work well for the imbalanced classification. Additionally, the state-of-the-art Binary Ant Lion
Optimizer (BALO) algorithm has high exploitability and fast convergence rate. Based on these facts,
we have proposed in this paper a Cost-sensitive Feature selection General Vector Machine (CFGVM)
algorithm based on GVM and BALO algorithms to tackle the imbalanced classification problem, delivering
different cost weights to different classes of samples. In our method, the BALO algorithm determines the
cost weights and extract more significant features to improve the classification performance. Experiments
conducted on eleven imbalanced data sets have shown that the CFGVM algorithm significantly improves
the classification performance of minority class samples. By comparing with similar algorithms and stateof-the-art algorithms, the proposed algorithm significantly outperforms in performance and produces better
classification results.
INDEX TERMS Imbalanced data, cost-sensitive, general vector machine, binary ant lion optimizer.

I. INTRODUCTION

In traditional classification research, there are some basic
assumptions: (1) The numbers of samples approximately
equal across different classes; (2) The misclassification cost
in different classes is also roughly the same. However, in practical applications, the above two assumptions are difficult to
hold. The distribution of raw data in many applications is
imbalanced, as they focus on minority categories of related
The associate editor coordinating the review of this manuscript and
approving it for publication was Juan Wang
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information, such as detecting illegal transactions in credit
cards, mining coding information in gene sequences, and
detecting oil pollution on the sea surface. In the detection
of illegal credit card transactions, most of these credit card
transactions are standard transactions, and only a small number of credit card transactions are unlawful, which is due to
the probability of events leading to data imbalance.
Data collection of some application-specific classes is
delicate due to price and privacy issues. If the traditional
classification algorithm is applied to classify the data of
the imbalance problem, the overall recognition rate can be
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excellent, though the recognition rate of the minority classes
that we focus on may not be reasonable, which is due to the
conventional classification algorithm treating all categories
of data equally, ignoring the relative distribution of different
groups, resulting in biased towards the majority class.
For imbalance classification problems, we aim at improving the recognition rate of minority classes as much as
possible, while not reducing the recognition rate of majority classes. The main reason is that the recognition rate of
minority classes is often more important than that of majority classes. For instance, in a network intrusion problem,
if the intrusion behavior is misclassified into normal behavior,
it will lead to incalculable losses, and the normal behavior
being misclassified into intrusion behavior will not cause
significant impact [1]. In cancer detection, if cancer patients
are misclassified as normal patients, they miss the best treatment time and eventually lead to death. The misclassification
of normal patients into cancer patients may lead to mental
tension, which will not cause fatal harm to the former [2],
though. The inefficiency of traditional classification algorithms and the importance of the recognition rate of minority
classes inspire us to find new ways to solve the class imbalance problem.
This paper proposes a hybrid algorithm CFGVM based on
a cost-sensitive learning algorithm and feature selection algorithm to solve the class imbalance problem. The contributions
are listed below:
1) A CFGVM algorithm is proposed based on the GVM
algorithm and the BALO algorithm. The GVM algorithm is
a new classification algorithm proposed by Zhao in 2016
[3]. The BALO algorithm is a new nature-inspired algorithm
proposed by E. Emary in 2016 [4]. To the best of our knowledge, our proposed method is the first research work aiming
at utilizing the GVM algorithm and the BALO algorithm
to solve the imbalanced classification problem. Firstly, The
BALO algorithm is used to improve the GVM algorithm to
a Cost-sensitive General Vector Machine (CGVM) algorithm
by assigning differential misclassification costs to different
classes, and then the BALO algorithm is used to search the
optimal feature subset to further improve the classification
performance to a CFGVM algorithm.
2) Experiments are carried out on on eleven datasets.
In comparison with state-of-the-art algorithms, the effectiveness of the proposed algorithm has been verified. In all
the comparison algorithms, Six evaluation indicators of
CFGVM1 algorithm can obtain the best results on eight
datasets, Six evaluation indicators of CFGVM2 algorithm
can obtain the best results on nine datasets, while six evaluation indicators of CFGVM3 algorithm can obtain the best
results on all the eleven datasets. It illustrates that G-mean
can slightly better evaluate the classification performance
of imbalanced classifications compared to F-measure and
Accuracy in this paper.
The rest of this paper is organized as follows: Section 2 outlined the related work of cost-sensitive learning, Ant Lion
Optimizer (ALO) and GVM. Section 3 gives the details of the
69980

TABLE 1. Cost matrix for binary problems.

proposed algorithm. The experimental results are discussed
in Section 4, and finally, conclusion and future work are
summarized in Section 5.
II. RELATED WORK
A. COST-SENSITIVE LEARNING ALGORITHM

The cost-sensitive learning algorithms improve the classification performance of imbalanced classification by assigning different misclassification costs to the minority and the
majority class samples. The key to the cost-sensitive learning
algorithm is to determine the optimal value of the costs by
minimizing the total misclassification cost in the training
samples [5]. The cost matrix of the binary classification is
shown in Table 1. Cij represents the cost of predicting a
sample of class i as class j. When i = j, which means the cost
for correct classification is 0. In the cost-sensitive algorithm,
Cij 6= Cji . Generally speaking, minority classes are more
important than majority classes [6], so in practice, we should
give greater punishment to minority classes. The design of
the cost matrix is related to the final classification. Suppose
category i is a minority class. For simplicity, we can set Cji to
a constant 1 and then find the optimal value of Cij . The binary
imbalanced classification problem is of particular interest in
this paper.
In the past decades, many cost-sensitive learning algorithms have been proposed to deal with the class imbalance problem, which could be divided into six categorites
depending on different strategies. The first category is to
modify the objective function using a weighting strategy.
Cheng et al. [7] proposed a cost-sensitive large margin distribution machine to obtain a balanced classifier, which introduced the cost-sensitive margin mean and minimizes the
cost-sensitive penalty. Wu et al. [8] proposed a mixed-kernel
based weighted extreme learning machine considering the
influence of kernel function on human activity recognition,
which results showed that the proposed algorithm outperforms extreme learning machine (ELM) and weighted ELM
algorithm on Accuracy, G-mean metrics in the UCI dataset.
Phoungphol et al. [9] proposed a new multiclass Support Vector Machine (SVM) algorithm for imbalance learning. The
algorithm formalized a new objective function to maximize
G-mean, which results showed that the proposed algorithm
could be effectively applied in multiclass imbalance problem.
Maldonado and Weber [6] proposed a family of embedded algorithms for backward feature selection using a costsensitive metric that becomes flexible. Compared with the
well-known feature selection algorithm, the proposed algorithm could acquire better classification performance with
fewer features on the six imbalanced data sets.
VOLUME 8, 2020
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The second class of algorithms involves tree-building
strategies. Del Rio et al. [10] proposed a new ensemble
creation algorithm that incorporates Random Balance to
AdaBoost.M2. The novelty of the algorithm is that the proportions of each member in the ensemble algorithm are randomly selected. A cost-sensitive ensemble was proposed by
Krawczyk et al. [11], in which authors combined random
subspace based feature space with cost-sensitive decision
trees. Sahin et al. [12] developed a new algorithm to select the
splitting attribute at each non-terminal node by minimizing
the total misclassification costs.
The third class of algorithms is to introduce a cost factor into the fuzzy rule-based classification systems. López
et al. [13] presented a new algorithm Chi-FRBCS-BigDataCS
based on a linguistic cost-sensitive fuzzzy rule-based
algorithm for imbalanced learning. Vluymans et al. [14]
developed a framework to solve the multi-instance class
imbalance problem based on the fuzzy rough set theory,
which was composed of the proposed two types of the classifier. The class-dependent weight vectors were used in ordered
weighted aggregation.
The fourth class of algorithms is to use a cost-sensitive
error function on the neural network. Oh et al. [15] proposed
a new scheme based on Active Example Selection (AES).
Different from most traditional machine learning algorithms,
AES started learning with a small subset of size and increased
gradually. Therefore, the objective functions of AES are also
different from the conventional activation function. A new
algorithm cost-sensitive multilayer perceptron based on a
joint objective function is proposed for imbalanced classification [16]. The importance of class errors is distinguished by
using a single cost parameter. Ghazikhani et al. [17] presented
two online classifiers to solve the problem of concept drift and
class imbalance that incorporated two different cost-sensitive
strategies to the objective function of the online one-layer
Neural Network.
The fifth class of algorithms is cost-sensitive boosting
algorithms. Sun et al. [18] studied cost-sensitive boosting
algorithms to cope with the class imbalance problem. The
proposed algorithm included a new weight updating strategy
by weighing each sample based on its associated cost item.
Wang et al. [19] proposed a new boosting-SVMs to deal with
the class imbalance problem. The proposed algorithm combined the resampling algorithm with a cost-sensitive learning
algorithm.
The sixth class of algorithms is based on Bayes decision
theory. Ali et al. [20] developed an efficient ensemble system Cost-Sensitive Classifier with GentleBoost Ensemble,
which integrated cost sensitive learning into GentleBoost,
AdaBoostM1, and Bagging. GentleBoost used Decision Tree
as base learners. Datta and Das [21] proposed an improved
support vector machine algorithm by minimizing the overall
Bayes error with equal misclassification costs and target class
misclassification with unequal costs. Bahnsen et al. [22]
proposed a cost measure to evaluate a cost-sensitive learning
algorithm based on Bayes minimum risk.
VOLUME 8, 2020

In addition to cost-sensitive learning algorithms, some
researchers present other algorithms to deal with the class
imbalanced problem. This paper is highly related to costsensitive learning algorithms, so other algorithms are only
briefly introduced. Kang et al. [23] proposed a Noise-filtered
Under-sampling Scheme based on under-sampling and noise
filtering for imbalanced learning. Compared with the original undersampling-based algorithms, the proposed scheme
could acquire better classification performance in terms of
F-measure, G-mean and the area under the curve. Kang
et al. [24] presented a weighted undersampling scheme for
SVM based on space geometry distance to cope with the
class imbalanced problem. Compared with the state-of-theart algorithms, the proposed algorithm could acquire better classification performance on the 27 imbalanced data
sets. Liu et al. [25] developed an embedded feature selection algorithm named weighted Gini index by adding an
index-weighting method to classification and regression tree
to deal with the class imbalanced problem. Experiments
shown that WGI could achieve the better performance only
if 20% or more of features are chosen compared to Chi2,
F-statistic and Gini index. Tang et al. [26] construct a comprehensive feature vector and develop an ensemble identification algorithm to deal with real-word Weibo datasets, which
results showed that the recall rate of the proposed algorithm
increased by 6.5% compared with the existing state-of-the-art
algorithms.
B. ALO AND GVM

ALO is a new metaheuristic optimization algorithm, which
has the advantage of high development and convergence [27].
Mirjalili has successfully resolved the three typical engineering problems by using the ALO [27]. After that, E. Emary
proposed the BALO based on the ALO for feature selection
[4]. Experiments have shown that the proposed BALO is better than particle swarm optimizer (PSO), genetic algorithms
(GAs), binary bat algorithm (BBA), and the ALO on 21 data
sets. Seyedali Mirjalili proposed a Multi-Objective Ant Lion
Optimizer to solve the multi-objective optimization problem,
which results showed that this algorithm outperformed Nondominated Sorting Genetic Algorithm II on the majority of
the test functions [28].
The GVM algorithm is a new classification algorithm proposed by Zhao in 2016 [3]. Since it contains the design risk
minimization and Monte Carlo (MC) algorithm, it has strong
generalization ability and has been successfully applied in
phishing detection [29], Android malware detection [30],
groundwater status forecasting [31], electricity demand prediction [32]. Yong et al. proposed a derivative-based Monte
Carlo algorithm to accelerate the training of GVM based on
the GVM [33]. Yong et al. applied the Monte Carlo neural
network (MCNN) based on the GVM to electricity load
forecast. Deep MCNNs with one, two and three hidden layers
were designed at the same time. The results demonstrated
that deeper MCNN performed better than shallow MCNN
[34]. Yang et al. introduced a GVM approximate calculation
69981
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FIGURE 1. The structure of GVM.

system based on field programmable gate array, which can
effectively accelerate the calculation of GVM [35].
III. OUR PROPOSED ALGORITHM

ALO is a new metaheuristic optimization algorithm proposed
by Mirjalili in 2015 [27]. The high applicability of the ALO
algorithm can be obtained from the experimental results of
multi-modal and composite test functions in literature [27],
which is also attributed to the random walk and roulette
selection mechanism. The BALO algorithm is a binary form
of the ALO algorithm. The position of the antlion is converted
to 0 or 1, which is no longer a continuous value. Also, the initial position is constructed by a random method. Because of
its novelty and underlying excellent characteristics, the proposed algorithm CFGVM combines cost-sensitive learning
method and feature selection method based on BALO and
GVM. Firstly, The BALO algorithm is used to improve the
GVM algorithm to a cost-sensitive CGVM algorithm, and
then the BALO algorithm is used to search the optimal feature subset to further improve the classification performance,
as described in subsections 3.1 and 3.2.
A. CGVM

kh =

M
X

vhm · xm + bh ,

m=1

ph = fxp (βh · kh ),
te = fpt (

H
X

h = 1, 2, . . . , H

h = 1, 2, . . . , H

weh · ph ),

e = 1, 2, . . . , E

(1)
(2)
(3)

h=1

The structure of GVM is composed of three layers: input
layer, hidden layer and output layer, as shown in Fig 1.
ph and te represent the outputs of the hidden layer and the
output layer, as deducted by Formula 2 and 3, respectively.
xm (m = 1, 2, . . . M ) denotes the input layer units. vhm [h][m]
is the weight connecting the h-th hidden node and the m-th
input node. weh [e][h] represents the weight connecting the hth hidden layer and the e-th output layer. bh (h = 1, 2, . . . , H )
stands for the bias of the hidden layer. βh is the transfer
function coefficient. fxp () denotes the activation function of
the hidden layer. fpt () denotes the activation function of the
69982

output layer. fpt () is set as a linear activation function. vhm is
initialized as decimals between −1 and +1. For the sake of
simplicity, weh is set to be a random value +1 or −1 in the
initialization. After that, we will not change weh and fpt (). In
the training phase, we only need to adjust the weight matrices
vhm , bh and βh . In the GVM algorithm, we adopt the Monte
Carlo training algorithm. In other words, we only randomly
change one weight of one parameter matrix (vhm , bh or βh )
in a relatively small range every time, and GVM will accept
the weight change while the overall cost is reduced. In this
case, the output is insensitive to the small change of the
input. On the other hand, the GVM algorithm introduces the
design risk to improve the generalization ability. The second
derivative can be used to express the smoothness of the model.
GVM algorithm uses the second derivative to control the
smoothness of the model [3]. Considering the response of
the h node in the hidden layer to the change of the l-th and
m-th dimension in the input layer, the corresponding second
derivative is:
∂ 2 ph
= βh2 vhl vhm fh00 (βh kh )
∂xl ∂xm

(4)

the corresponding second derivative of the e-th dimension
in the output layer to the change of the l-th and m-th dimension in the input layer,
H

X
∂ 2 te
∂ 2 ph
=
weh
∂xl ∂xm
∂xl ∂xm

(5)

h=1

The smoothness (SR) of the whole network is a linear superposition of the smoothness of all nodes.
*H
+
X
∂ 2 ph
SR =
weh
(6)
∂xl ∂xm
h=1

Hence, we can control the smoothness of the network by
controlling the amplitude of βh , bh , vhm , fh00 . bh , vhm , fh00 are all
limited in a small range in the initialization phase. We only
need to adjust the range of βh . In this way, we can control the
smoothness of the whole network to reduce the design risk
by controlling the range of βh . βh is the control parameter
in the GVM algorithm. In the initialization phase, vhm is set
to be a random decimal between +1 and −1. bh is set to
be a random decimal between +1 and −1. fh () is set to be
tanh. Pragmatically, the number of hidden layer nodes is set
to 10 times the number of samples [3]. In the classification
problem of the original GVM algorithm, the penalty factor
of the loss function is the same for the majority class and
minority class. The loss function formula is as follows:
1F =

Q
X
1
·
Q·E

E
X

(te · te0 − g)2

(7)

q=1 e=1,te ·te0 <g

E represents the number of neurons in the output layer. g
denotes the separating margin, which mainly separates the
two types of samples, somewhat like the hyperplane of SVM.
In the classification problem, we mainly control the output in
VOLUME 8, 2020
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the output layer by adjusting the value of g. Therefore, g is
also the control parameter in the GVM algorithm.
For the two-class problem, E is set as 2. Q denotes the
number of samples. The te represents the actual output of
the neural network. The te0 represents the label of the neural
network. Suppose there are two categories: Category 1 and
Category 2. If the true value of the category is 1, then t10
and t20 are set to {1, −1}, otherwise {−1, 1}. More details of
GVM can refer to [3].
ALO is a new metaheuristic optimization algorithm that
simulates the biological behavior of antlions hunting ants.
When hunting, the antlion digs a trap in the sand and hides
at the bottom of the cave to wait for its prey. Once the ant
enters the trap, to prevent it from escaping, the antlion will
immediately dig out the sand and slide it into the bottom of
the cave to hunt. The above process can be summarized into
five steps: the movement of ants, the construction of traps,
the trapping of ants in traps, the capture of prey, and the
reconstruction of traps. The standard ALO algorithm follows
the following principles: (1) Each ant searches around the
selected antlion by random walk; (2) The range boundary of
random walk is affected by the shrinkage of the antlion trap;
(3) The antlion builds pits of different sizes according to their
adaptability, and more ants enter the trap in larger pits; (4)
Each ant is affected by both the selected antlion and the elite
antlion in each iteration; (5) If the ant is more adaptable than
the selected antlion, it means that it is captured by the antlion;
(6) The antlion repositioned the captured prey and built pits
to increase the probability of capturing another prey.
The process of ALO algorithm is as follows:
(1) To determine the initial population of ants and antlions.
m is population number, dim represents variable dimension, t
is current iteration number, Maxiter stands for maximum iteration number, antposition is the ant position, antlionposition
is the antlion position, Elite is the position of the elite antlion,
Antlionfitness is the antlion’s fitness value, Elitefitness is the
fitness value of the elite antlion;
(2) The positions of ants and antlions are randomly initialized within the boundary of the solution space, and the fitness
values of all the populations are calculated according to the
objective function sorted in descending order. We define the
antlion with the best fitness value in the antlion population as
the elite antlion;
(3) Each ant is randomly matched with an antlion by
roulette. The upper and lower bounds ct , d t , cti , dit of the
range are updated according to the matched position Formula
10 and 11. The ants are randomly walked around the selected
antlion and the elite antlion according to Formula 8, 12 and
13. Then the average value is obtained by Formula 14 and
used as the initial position of the next generation of the ant.
C(antpositiond ) = [0, cumsum(2r(t1 ) − 1)
, . . . , cumsum(2r(Maxiter) − 1)] (8)
(
1 if rand > 0.5
r(t) =
(9)
0 otherwise
VOLUME 8, 2020

cti = antlionpositiontj + ct

(10)

dit

(11)

=

ct =

antlionpositiontj
ct

+d

t

(12)
I
dt
dt =
(13)
I
Rt + RtE
antpositiond (t) = A
(14)
2
The ant’s random walk around the antlion can be regarded
as the search process for feasible regions by search agents
by Formula 8. C(antpositiond ) represents the set of steps of
ant random walk, cumsum is the cumulative sum of ant’s
wandering position, t is the number of iterations. Maxiter is
the maximum number of iterations. r(t) is a custom random
function, rand is a random number uniformly distributed on
[0,1]. The position of the antlion affects the boundary range
of the area where the ant travels by Formula 10 and 11. ct
represents the minimum of all variables at t-th iteration, d t
denotes the vector including the maximum of all variables at
t-th iteration, cti represents the minimum of all variables for
i-th ant, dit is the maximum of all variables for i-th ant, I is
a constant that increases with the number of iterations. When
an ant falls into a trap, the antlion will raise sand, sharply
reducing the range of the ant’s movement to prevent the ant
from escaping, that is, with the increase of iteration times,
the upper and lower bounds decrease by Formula 12 and
13. antpositiond (t) denotes the position of the i-th ant at the
(t+1)-th iteration. RtA is the random walk around the antlion
selected by the roulette wheel at t-th iteration, RtE represents
the random walk around the elite at t-th iteration.
(4) For each iteration, the initial values of ant and antlion
populations are reassigned and their fitness values are recalculated. The position of the best fitness value is taken as the
position of the new generation of elite antlion.
(5) Determine whether the maximum number of iterations
is reached, if it is reached, the iteration ends, and the final
result is output; if each maximum number of iterations is not
reached, repeat step (3).
More details of ALO can refer to [27].
(
x d if (rand) ≥ 0.5
x d = 1d
(15)
x2 otherwise
(
xd
if (rand1) ≥ r
d
xout = in
(16)
rand2 otherwise
−0.9 ∗ (i − 1)
(17)
r = 0.9 +
IterMax − 1
BALO is a binary variant of the ALO. In the BALO algorithm, each dimension of the search space is limited to 0 or
1. In the ALO algorithm, each ant updates its position by
averaging the selected antlion by the roulette wheel and the
elite antlion. While the average operator is replaced by the
crossover operation in the BALO algorithm. The crossover
operation here refers to simple random crossover, switching
between two input vectors with different probabilities by
69983
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C. EVALUATION CRITERIA AND FUNCTION

Algorithm 1 CGVM
Input: m1 number of ants, m2 number of antlions, dim
dimension of antlions, dim dimension of ants, t number
of iterations, Maxiter maximum number of iterations,
fitness fitness function
Output: Cbest best cost weight of minority class
1: Dividing training sets and test sets by stratified random
sampling
2: Randomly initialize the position of the antlions and ants
on the training set
3: if random() ≥ 0.5 then
4:
antpositioni = 1
5: else
6:
antpositioni = 0, i = 1 . . . dim
7: end if
8: if random() ≥ 0.5 then
9:
antlionpositioni = 1
10: else
11:
antlionpositioni = 0, i = 1 . . . dim
12: end if
13: Using the formula 18 as the loss function, (1−G-mean)
as the fitness, and the GVM algorithm as the classifier,
calculate the fitness values of all the antlions and ants.
14: Sort all the antlions to get the best antlion position
15: while t < Maxiter do
16:
Calculate the mutation rate t by Formula 17
17:
for each ant do
18:
Choose an antlion by Roulette
19:
Mutation operation of the selected antlion by Formula 16 becomes CW 1
20:
Mutant operation of the ant lion with the best
fitness value by Formula 16 becomes CW 2
21:
Cross the operation of CW 1 and CW 2 by Formula 15 to get the position of the new ant
22:
end for
23:
Calculate the fitness value of all ants
24:
If the fitness value of the corresponding ant is better
than the fitness value of the antlion, the position of the
antlion is replaced with the current ant.
25:
If the fitness value of the antlion is better than the
fitness value of the current elite, adjust the elite to the
current antlion
26: end while
27: Get the best antlion’ position pbest and its fitness value
fbest
28: Convert to the best minority class cost Cbest based on the
best antlion’ position pbest

As in [36]–[39], Accuracy, True-positive rate (TPR), Falsepositive rate (FPR), AUC, F-measure, G-mean are the most
commonly used evaluation metrics. We also adopt these
evaluation metrics to evaluate the performance of different
algorithms, as shown in equations 19, 20, 21, 24 and 25,
respectively. In this paper, the minority class represents the
positive class, the majority class represents the negative class.
Accuracy is the proportion of all samples correctly classified.
True Positive (TP) and True negative (TN ) are the correctly

classified samples belonging to the positive and the negative
class respectively. Whereas, False positive (FP) and False
negative (FN ) is the mistakenly classified samples belonging to the negative and the positive class respectively. TPR
represents the value of predicted positive classified correctly.
FPR represents the value negative class samples mistakenly

Formula 15. CW 1 represents the attraction of an ant by the
elite antlion. It can also stochastic mutation around a selected
antlion with a suitable mutation rate by Formula 16. CW 2
represents the attraction of an ant by the selected antlion by
d is the d dimension
the roulette wheel selection method. xout
d is the input
value for the output vector from mutation, xin
vector to be mutated, rand1 and rand2 are two random
numbers in the range [0,1]. r is the mutation rate at the i-th
iteration.
Here we propose a cost-sensitive algorithm CGVM by
setting different cost weight-based loss functions based on
GVM. The new loss function formula is as follows:
1F =

Q
X
1
·
Q·E

E
X

q=1 e=1,te ·te0 <g

×Cij (te · te0 − g)2 +Cji (te · te0 − g)2

(18)

It is assumed here that i represents the minority class, j
represents the majority class, then Cij represents the cost
weight of misclassification of minority class samples, and the
cost weight of misclassification of majority class samples is
represented by Cji . Since we assume that the value of Cji is
1, it is clear that the value of Cij should be greater than 1,
and we use the BALO algorithm to choose the optimal Cij
value. In the CGVM algorithm, the position of the antlion
in the BALO algorithm represents the value of Cij . That is,
when using BALO to select the cost weights of the minority
class, the position of antlion represents the cost weights to be
optimized. The number of integer bits is set to 4 digits, and
the decimal digit is set to 7 digits. The CGVM is described in
Algorithm 1. In the selection of the optimal value, we adopt
(1−G-mean) as the fitness function. The comparison algorithm also uses (1−Accuracy) and (1−F-mean) as the fitness
function, which we will discuss in detail in Section III.C.
B. SELECT THE OPTIMAL FEATURE SUBSET

We can get the optimal value using the CGVM algorithm. After that, we obtain the optimal feature by adopting
the BALO as the feature selection algorithm. Specifically,
the position of the antlion in the BALO algorithm represents
the number of features in Algorithm 2. When the value of the
antlion position is 1, it means that the feature is selected; but,
when the value of the antlion position is 0, it means that the
feature is not selected. The specific process is described in
Algorithm 2.
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Algorithm 2 Feature Selection Using the BALO Method
Based on the Algorithm CGVM (CFGVM)
Input: m1 number of ants, m2 number of antlions, dim
dimension of antlions, dim dimension of ants, t number
of iterations, Maxiter maximum number of iterations,
fitness fitness function
Output: featuresub Optimal feature subset
1: Randomly initialize the position of all antlions and ants
for the training set divided by CGVM algorithm
2: if random() ≥ 0.5 then
3:
antpositioni = 1
4: else
5:
antpositioni = 0, i = 1 . . . dim
6: end if
7: if random() ≥ 0.5 then
8:
antlionpositioni = 1
9: else
10:
antlionpositioni = 0, i = 1 . . . dim
11: end if
12: The current feature subset featuresub is obtained according to the position of the antlion, and a new training set
is obtained by feature selection of the training set.
13: Formula 18 as loss function, fitness 3 as fitness and
CGVM algorithm as classifier to calculate the fitness
values of all antlions and ants.
14: Sort the fitness values of all antlions to get the best
antlion’ position
15: while t < Maxiter do
16:
Calculate the mutation rate mt by Formula 17
17:
for each ant do
18:
Choose an antlion by Roulette
19:
Mutation operation of the selected antlion by Formula 16 becomes CW 1
20:
Mutant operation of the ant lion with the best
fitness value by Formula 16 becomes CW 2
21:
Cross the operation of CW 1 and CW 2 by Formula 15 to get the position of the new ant
22:
end for
23:
Calculate the fitness value of all ants
24:
If the fitness value of the corresponding ant is better
than the fitness value of the antlion, the position of the
antlion is replaced with the current ant.
25:
If the fitness value of the antlion is better than the
fitness value of the current elite, adjust the elite to the
current antlion
26: end while
27: Get the best antlion’ position pbest and its fitness value
fbest
28: Convert to the best feature subset featuresub based on the
best antlion’ position pbest

TABLE 2. Data descriptions used in the experiment.

mean of Precision and Recall. G-mean is also a comprehensive indicator. The closer to 1, the better. AUC stands for the
area under the ROC curve, the bigger, the better. fitness3 is
used as the fitness function in the feature selection process
in this paper, as shown in Formula 28. At the same time,
fitness1 and fitness2 are also used as the fitness function in
the comparative algorithms, as shown in Formula 26 and 27,
respectively. The len (featuresub) represents the number of
selected features, the len (feature) represents the total number
of features, and the α parameter is used to adjust the weight
relationship between the number of features and the error rate.
In this paper, α is set to 0.01, the same defined in [4].
Accuracy =
TPR =
FPR =
Precision =
Recall =
F-measure =
G-mean =
fitness1 =
fitness2 =
fitness3 =

TP + TN
TP + FP + TN + FN
TP
TP + FN
FP
TN + FP
TP
TP + FP
TP
TPR =
TP + FN
2 ∗ Recall ∗ Precision
rRecall + Precision
TP
TN
∗
TP + TN TN + FP
(1 − α)(1 − Accuracy)
+α(len(featuresub)/len(feature))
(1 − α)(1 − F-measure)
+α(len(featuresub)/len(feature))
(1 − α)(1 − G-mean)
+α(len(featuresub)/len(feature))

(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)

IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. DATASETS AND EXPERIMENTAL ENVIRONMENT

predicted as positive. Precision is the ratio of TP to all the
positive results, Recall is the proportion of TP in all the
positive class samples. F-measure is the weighted harmonic
VOLUME 8, 2020

To evaluate the CFGVM algorithm, we conducted experiments on eleven datasets, where four of them were
from UCI repository [40] (bupa, breast_tissue, glass4,
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FIGURE 2. Display of Accuracy value for nine algorithms on eleven
datasets.

FIGURE 3. Display of TPR value for nine algorithms on eleven datasets.

FIGURE 4. Display of FPR value for nine algorithms on eleven datasets.

and Wisconsin datasets), and seven from Keel [41]
(cleveland, ecoli01VS235, glass6, glass016vs5, newthyroid,
shuttlec2vsc4, and ecoli034vs5 datasets). The experimental
environment is a PC configured with Intel Core i5 7500
3.4 GHz CPU, 8GB SmartCache, and MS Windows10 64-bit
OS. All algorithms are executed in the same experimental
environment, and the final results are the averages of 20 executions. Experiments are implemented using Matlab programming language in Matlab R2017a environment. Details
of the datasets are shown in Table 2.
B. COMPARISON OF CFGVM ALGORITHM AND ITS
SIMILAR ALGORITHM

To verify the performance and effectiveness of the proposed algorithm, comparison to similar algorithms are shown
69986

FIGURE 5. Display of AUC value for nine algorithms on eleven datasets.

FIGURE 6. Display of G-mean value for nine algorithms on eleven
datasets.

FIGURE 7. Display of F -measure value for nine algorithms on eleven
datasets.

in Table 3. In all the oversampling algorithms, we stop sampling as the number of minority class samples is the same
as the majority class samples by the oversampling algorithm.
The complete dataset is split as: 80% for training and 20%
for testing by random stratified sampling. The parameters of
the BALO algorithm and the GVM algorithm are the same
in different comparison algorithms in the same dataset. In the
selection of the optimal weight using BALO, the number of
iterations, and the scale of the population is set to 10. In the
selection of the significant feature by BALO, the number
of iterations, and the scale of the population is set to 15.
In the BBMCA algorithm, the number of iterations and the
scale of the population is set to 10 in the selection of the
optimal weight using BPSO. In the selection of the significant
VOLUME 8, 2020
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TABLE 3. Description of contrast algorithms.

feature by BPSO, the number of iterations and the scale of
the population is set to 15, c1 and c2 are both set to 1.49445,
the maximum speed and minimum speed are both set to 1. βh
is set to 1.
The comparison of experimental results between the proposed algorithm CFGVM and similar algorithms are shown
in Table 4 and 5. We can observe that the CFGVM algorithm
outperforms other similar algorithms in the classification
performance of imbalanced datasets. Specific analysis is discussed below:
(1) The performance of the CFGVM1, CFGVM2 and
CFGVM3 algorithm are the same in dataset glass6,
ecoli01VS235, Breast_tissue, glass016vs5, newthyroid1,
shuttlec2vsc4 and ecoli034vs5. In particular, the classification indicators Accuracy, TPR, FPR, AUC, G-mean, Fmeasure of the three algorithms are all 1, 1, 0, 1, 1, 1 in
dataset ecoli01VS235, glass6, glass016vs5, newthyroid1,
shuttlec2vsc4 and ecoli034vs5. Six evaluation indicators of
CFGVM3 algorithm are better than those of CFGVM1 and
CFGVM2 on all datasets, indicating that the G-mean can
be used to obtain better classification performance than the
Accuracy and F-measure in the fitness function.
(2) It can be seen from Tables 4 and 5 that the performances
of CFGVM series (CFGVM1, CFGVM2, CFGVM3) have
improved compared with CGVM series (CGVM1, CGVM2,
CGVM3) on ten datasets, except CGVM1 and CFGVM1 on
the bupa data set. It shows that the feature selection algorithm
is helpful to improve the classification performance of imbalanced classification.
(3) Comparing the results of the RBGVM and CFGVM3,
except that Accuracy, TPR, FPR, AUC, G-Mean and FVOLUME 8, 2020

measure are all 1, 1, 0, 1, 1, 1 on glass6, shuttlec2vsc4 dataset,
the Accuracy, TPR, FPR, AUC, G-mean and F-measure values of CFGVM3 are all better than those of RBGVM on
other nine data sets, which shows that CFGVM3 is better
than using imbalanced rate as cost weight in the classification
performance of imbalanced datasets.
(4) Based on the comparison between the BBGVM
and CFGVM3, except that the TPR value in dataset
Breast_tissue, bupa, cleveland, ecoli01VS235, glass,
glass016vs5, newthyroid, shuttlec2vsc4 and ecoli034vs5 are
the same, other five evaluations of CFGVM3 are superior to
BBGVM on all data sets, which shows that BALO algorithm
has better classification performance than BPSO algorithm in
choosing the optimal weight and feature.
(5) Compared with all other algorithms, we can see that the
performances of other algorithms are significantly improved
compared with that of single classification algorithm GVM.
It demonstrates that feature selection and cost-sensitive learning algorithms can effectively improve the classification performance of imbalanced classification.
Fig.2-Fig.7 have shown the Accuracy, TPR, FPR, AUC,
G-mean and F-measure for nine algorithms on eleven testing datasets, respectively. It can be seen that the proposed
CFGVM3 obtains the best Accuracy, TPR, AUC, G-mean, Fmeasure results among other algorithms on all datasets. From
Fig.4 we can observe that the CFGVM3 achieves the lowest
FPR in 10 out of 11 datasets.
The above experiment shows that the result of CFGVM3 is
better than that of CFGVM1 and CFGVM2, so this subsection
only compares CFGVM3 with other algorithms. Tables 6, 7,
8 and 9 show the comparisons between the CFGVM3 and
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TABLE 4. Experimental results of CFGVM and similar algorithms on the test data sets.

previous algorithms, mainly including A-SUWO [42], IMCStacking [43], SMOTE-IPF [44], FRB+CHC+SVM [45],
LCMine+CAEP [46], CO2 RBFN-LMS, CO2 RBFN-SVD
69988

[47]. ‘‘−’’ means that information is unavailable. The data
sets are divided in the same way as those in the comparative
literature. Except for that, the dataset Breast_tissue is a 4-fold
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TABLE 5. Experimental results of CFGVM and similar algorithms on the test data sets.

cross-validation, the other ten datasets are all 5-fold crossvalidation. The best results of each index are expressed in
black bold. Detailed analysis is given as follows:
(1) In dataset Breast_tissue, the CFGVM3 is relatively better than A-SUWO+SVM, A-SUWO+KNN,
A-SUWO+LR, A-SUWO+LDA [42], in terms of AUC
improves 4.76%, 6.26%, 1.76%, and 1.72%, respectively,
improves 15.89%, 12.79%, 8.29%, and 13.39% in terms of Gmean. improves 19.35%, 16.85%, 11.45%, 15.95% in terms
of F-measure. Therefore, the CFGVM3 algorithm outperforms the A-SUWO algorithm in the performance of imbalanced classification.
(2) When considering the bupa and cleveland datasets,
it is observed that the CFGVM3 outperforms all algorithms
in [44]. In particular, compared with the SMOTE-IPF [44],
the CFGVM3 has a performance improvement of more than
35% in dataset cleveland in terms of AUC, which shows that
the overall performance of CFGVM3 is better than SMOTEIPF.
(3) Through analyzing the results in the dataset
ecoli01VS235, we can conclude that the CFGVM3 outperforms all algorithms in [43]. Comparing the optimal values
of several indicators in [43], the result of CFGVM3 is 9.08%
higher than that of FCStacking algorithm [43] in terms of
VOLUME 8, 2020

Accuracy, CFGVM3 is 4% higher than that of RUSBaggingRF algorithm [43] in terms of TPR, and CFGVM3 is 4.09%
lower than that of LCStacking algorithm [43] in terms of
FPR.
(4) According to glass4 dataset, the CFGVM3 is better than
the results of all the algorithms in literature [43] in terms of
TPR and FPR, but only slightly lower than the FCSStacking
in terms of Accuracy.
(5) Focusing on Wisconsin dataset, the CFGVM3 algorithm is better than all the algorithms in the literature [43] in terms of AUC, G-mean and F-measure,
except for the index of FPR that is slightly higher than
EasyEnsemble. The CFGVM3 is better than the proposed algorithm in literature [43] in terms of TPR and
Accuracy.
(6) Regarding glass6 dataset, the CFGVM3 algorithm is
better than all the algorithms in literature [43] in terms of
Accuracy, TPR, and FPR.
(7) In dataset glass016vs5, newthyroid1 and shuttlec2vsc4,
the classification indicators Accuracy, TPR, FPR, AUC,
G-mean, F-measure of the CFGVM3 algorithms are all 1, 1,
0, 1, 1, 1. We find that the CFGVM3 algorithm is distinctly
better than other comparison algorithms in the six classification indicators.
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TABLE 6. Experimental results of CFGVM and other existing algorithms on the Breast _tissue, bupa, cleveland dataset.

(8) Through analyzing the results in the dataset
ecoli034VS5, we can conclude that the CFGVM3 outperforms all algorithms in [46] and [45].
With the observations above, we drew the following conclusion: 1) The cost-sensitive CGVM1, CGVM2,
CGVM3 algorithms outperform the single classification
algorithm GVM; 2) Compare with CGVM1, CGVM2,
CGVM3 and CFGVM1, CFGVM2, CFGVM3, it indicates
that the feature selection algorithm BALO can further
improve the classification performance based on the cost69990

sensitive algorithms CGVM1, CGVM2, CGVM3; 3) By
comparing CFGVM1, CFGVM2, CFGVM3, it can be found
that G-mean can better evaluate the classification performance of imbalanced classification compared to F-measure
and Accuracy; 4) Comparing the results of the BBGVM
and CFGVM3, it shows that BALO is better than BPSO
used for feature selection and cost weight selection in the
imbalance classification; 5) Comparing the results between
RBGVM and CFGVM 3, it is obvious that the cost
weight selected by BALO is better than the imbalance rate;
VOLUME 8, 2020
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TABLE 7. Experimental results of CFGVM and other existing algorithms on the ecoli 01VS235, glass4, Wisconsin, glass6, glass016vs5 dataset .
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TABLE 8. Experimental results of CFGVM and other existing algorithms on the newthyroid 1, shuttlec2vsc4 dataset.
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TABLE 9. Experimental results of CFGVM and other existing algorithms on the ecoil 034vs5 dataset.

6) The proposed algorithm CFGVM3 is more advanced than
GVM, RBGVM, BBGVM, CGVM1, CGVM 2, CGVM3,
CFGVM1, CFGVM2, A-SUWO, IMCStacking, SMOTEIPF, FRB+CHC+SVM, LCMine+CAEP, CO2RBFN-LMS
and CO2RBFN-SVD.
V. DISCUSSION

Cost-sensitive learning algorithms and feature selection algorithms can improve the class imbalance problem [48].The
cost-sensitive learning algorithms improve the classification
performance of imbalanced classification by assigning different misclassification costs to the minority and the majority
class samples. The feature selection algorithms improve the
classification performance of imbalanced classification by
selecting some of the most representative features from the
original features [48].
The GVM algorithm is a new classification algorithm proposed by Hong Zhao in 2016 [3]. Since it contains the design
risk minimization and Monte Carlo algorithm, it has strong
generalization ability and has been successfully applied in
phishing detection [29], Android malware detection [30],
groundwater status forecasting [31], electricity demand prediction [32]. However, it does not work well for the imbalVOLUME 8, 2020

anced classification. The BALO algorithm is a new natureinspired algorithm proposed by E. Emary in 2016 [4]. Experiments have shown that the proposed BALO is better than
particle swarm optimizer (PSO), genetic algorithms (GAs),
binary bat algorithm (BBA), and the ALO for feature selection on 21 data sets.
To the best of our knowledge, our proposed method is the
first research work aiming at utilizing the GVM and BALO
algorithm to solve the imbalanced classification problem. The
proposed algorithm CFGVM (CFGVM3) combines a costsensitive learning method and feature selection method based
on BALO and GVM. Firstly, The BALO algorithm is used to
improve the GVM algorithm to a cost-sensitive CGVM algorithm (Algorithm 1), and then the BALO algorithm is used to
search the optimal feature subset to further improve the classification performance (Algorithm 2). In the GVM algorithm,
we adopt the Monte Carlo training algorithm. In other words,
we only randomly change one weight of one parameter matrix
(the weight matrix between the hidden node and the input
node, the bias of the hidden layer or the transfer function
coefficient) in a small range every time, and GVM will accept
the weight change while the overall cost is reduced. In this
case, the output is insensitive to the small change of the input.
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On the other hand, the GVM algorithm introduces the design
risk to improve the generalization ability. The cost matrix is
difficult to ascertain in the cost-sensitive learning algorithm.
The BALO is a new metaheuristic optimization algorithm,
which has advantages over other heuristic algorithms due to
its adaptive boundary convergence and elitism mechanism.
Therefore, the BALO algorithm is used to select the optimal
cost matrix and the optimal feature in this paper. BALO is
a binary variant of the ALO. In the BALO algorithm, each
dimension of the search space is limited to 0 or 1. We propose
a cost-sensitive algorithm CGVM (Algorithm 1) by setting
different cost weight-based loss functions based on GVM. i
represents the minority class, j represents the majority class,
then Cij represents the cost weight of misclassification of
minority class samples, and the cost weight of misclassification of majority class samples represented by Cji . Since we
assume that the value of Cji is 1, it is clear that the value of
Cij should be greater than 1, and we use the BALO algorithm
to choose the optimal Cij value. The position of the antlion
in the BALO algorithm represents the value of Cij . That is,
when using BALO to select the cost weights of the minority
class, the position of antlion represents the cost weights to
be optimized. In Algorithm 2, the position of the antlion in
the BALO algorithm represents the number of features. When
the value of the antlion position is 1, it means that the feature
is selected; but, when the value of the antlion position is 0,
it means that the feature is not selected. The more significant
feature can be achieved through the BALO algorithm.
Extensive experiments are carried out using eleven
benchmark imbalanced datasets, which demonstrate that the
proposed CFGVM algorithm can significantly improve the
classification of imbalanced data sets compared to eight
existing and seven recently published algorithms. Nine similar comparison algorithm contain GVM classification algorithm, the hybrid algorithm RBGVM with imbalance rate
as cost weight, the hybrid algorithm BBGVM of choosing cost weight and feature with BPSO, the cost-sensitive
algorithm CGVM1, CGVM2, CGVM3, the hybrid algorithm
CFGVM1, CFGVM2, CFGVM3 of choosing cost weight and
feature with BALO. From the experiment results, we can
conclude the following: 1) The cost-sensitive CGVM1,
CGVM2, CGVM3 algorithms outperform the single classification algorithm GVM; 2) The feature selection algorithm
can further improve the classification performance based on
the cost-sensitive algorithm; 3) G-mean can better evaluate
the classification performance of imbalanced classifications
compared to F-measure and Accuracy; 4) BALO is better than BPSO used for feature selection and cost weight
selection in the imbalance classification; 5) The cost weight
selected by BALO is better than the imbalance rate. Furthermore, compared with other hybrid algorithms in other references, the results show that the algorithm CFGVM3 proposed
in this paper is better, which shows that the hybrid algorithm
proposed in this paper is more advanced.
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VI. CONCLUSION

Imbalanced classification problems are widely existing in
medical diagnosis, network intrusion detection, credit card
illegal transaction detection and software defect detection. However, traditional classification algorithms are often
unable to effectively deal with this kind of problem. This is
because they are biased toward the majority class and leaving
aside the minority class.
In this paper, a CFGVM (CFGVM3) is proposed for an
imbalanced classification problem. The proposed algorithm
CFGVM combines cost-sensitive learning method and feature selection method based on BALO and GVM. The GVM
algorithm has the advantage of strong generalization ability.
However, it does not work well for the imbalanced classification. The BALO algorithm has advantages over other heuristic algorithms due to its adaptive boundary convergence and
elitism mechanism. Firstly, The BALO algorithm is used to
improve the GVM algorithm to a cost-sensitive CGVM algorithm, Specifically, the BALO algorithm is used to select the
optimal cost matrix based on GVM in the CGVM algorithm.
Secondly, the BALO algorithm is used to search the optimal
feature subset based on CGVM. Furthermore, We present Gmean that can be used to measure the performance of costsensitive learning algorithm and feature selection algorithm
in the imbalanced classification. Compared with the previous
existing algorithms, the algorithm CFGVM3 is more capable
of improving the classification performance of imbalanced
data sets.
When the number of samples is less than 700 and the
dimension of samples is less than 20, the proposed algorithm
can achieve convergence when the number of iterations is set
to 15. However, when the number of samples is large and
the dimension is high, the number of iterations should be
increased according to the characteristics and the number of
samples.
The proposed algorithm is significant to solve the class
imbalance problem. For example, in cancer diagnosis,
the whole dataset with minority and majority class representing having cancer or not. if cancer patients are misclassified
as normal patients, they will miss the best treatment time
and eventually lead to death. The proposed algorithm can
improve the classification performance of minority class. It is
important to detect early-stage cancer.
As for future work, we can further investigate from four
aspects as follows: 1) To establish an ensemble algorithm
based on GVM algorithm and BALO algorithm; 2) To construct a hybrid algorithm based on the undersampling algorithm and feature selection algorithm. The proposed hybrid
algorithm combines the advantage of undersampling algorithm and feature selection algorithm, and may achieve a
better performance; 3) Online learning often suffers from
concept drift, we can further develop a new algorithm
based on the CFGVM to deal with this problem; 4) For
high-dimensional imbalanced small-sample datasets, we can
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propose a new algorithm based on the CFGVM to solve this
problem.
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